Outbreaks of salmonellosis and recalls of low-moisture foods including extruded products highlight the need for the food and feed industries to validate their extrusion processes to ensure the destruction of pathogenic microorganisms. Response surface methodology was employed to study the effect of moisture and temperature on inactivation by extrusion of Enterococcus faecium NRRL B-2354 in a carbohydrate-protein mix. A balanced carbohydrate-protein mix was formulated to different combinations of moisture contents, ranging from 24.9 to 31.1%, and each was inoculated with a pure culture of E. faecium to a final level of 5 log CFU/g. Each mix of various moistures was then extruded in a pilot scale extruder at different temperatures (ranging from 67.5 to 85uC). After the extruder was allowed to equilibrate for 10 min, samples were collected in sterile bags, cooled in dry ice, and stored at 4uC prior to analysis. E. faecium was enumerated with tryptic soy agar and membrane Enterococcus media, followed by incubation at 35uC for 48 h. Each extrusion was repeated twice, with the central point of the design being repeated four times. From each extrusion, three subsamples were collected for microbial counts and moisture determination. Based on the results, the response surface model was y~185.04 2 3.11X 1 2 4.23X 2 z 0.02X 1 2 2 0.004X 1 X 2 z 0.08X 2 2 , with a good fit (R 2~0 .92), which demonstrated the effects of moisture and temperature on the inactivation of E. faecium during extrusion. According to the response surface analysis, the greatest reduction of E. faecium for the inoculation levels studied here (about 5 log) in a carbohydrate-protein meal would occur at the temperature of 81.1uC and moisture content of 28.1%. Other temperature and moisture combinations needed to achieve specific log reductions were plotted in a three-dimensional response surface graph.
Extrusion is a process used extensively in the food and feed industry to produce products that are low density and light in texture such as dry pet foods, snack foods, and breakfast cereals. Ingredients or mixes are moved through a barrel, where they are guided by a single-or double-screw configuration, with increasing restrictions, and then forced through a die, thereby generating heat and pressure. As the product exits the die, sudden expansion results from the pressure differential (14) . The amount of expansion and the consistency of the final product depend on certain factors, such as the amount of starch in the product, moisture content, temperature, pressure, and retention time (29) . Besides consistency, another important aspect of extruded products is their safety. Food safety programs are an essential part of the production chain to ensure a product that is safe for handling and consumption.
Salmonella is a known problem in the food and feed industries; however, outbreaks and recalls in the last few years, including recalls of extruded products, has highlighted the need for research and guidelines to better address the problem. During April and May 1998, a total of 209 cases of Salmonella Agona in 11 states were reported to have been linked to toasted oat cereal (4) . From 2006 to 2007, 70 cases of Salmonella Schwarzengrund infection acquired from dry dog food were identified in 19 states, mostly in the northeastern United States (5). There also have been multiple recalls of dry pet food for Salmonella contamination reported on the U.S. Food and Drug Administration's Web site, the most recent one being in April 2012 (28) . To help the industry better address this problem, the Grocery Manufacturers Association released in February of 2009 (10) a collection of guidelines for the control of Salmonella in low-moisture foods, while the American Feed Industry Association released in October of 2010, the booklet ''Salmonella Control Guidelines'' for the feed industry (2) . The new Food Safety Modernization Act, signed into law on 4 January 2011, brought even more attention to the need for validation of current processes. As part of the hazard analysis and risk-based preventive controls described in the law, food manufacturers, including those of extruded foods, ''shall identify and implement controls, including critical control points, to prevent or significantly minimize potential hazards and shall verify that the preventive controls are adequate and effective'' (9) .
In general, process evaluation should be conducted in equipment used for processing or in equipment that can reliably be scaled up to the industrial process in question. However, the major concerns around food safety include the presence of pathogenic organisms in the final product, which makes it difficult to evaluate the processes and equipment without introducing these organisms to the food processing environment. Therefore, surrogate organisms have been used to evaluate microbial responses to processing treatments. These surrogate organisms are nonpathogenic substitutes that have similar responses to specific food processes as have their pathogenic counterpart or they have more robust survival capabilities under the conditions evaluated. They offer processors the ability to validate a process in-plant, without the use of the actual pathogens. Varieties of microorganisms have been used to validate thermal processes. For example, Enterococcus faecium has been used as surrogate for Salmonella spp. during moist-air heating of almonds (12) and dry-heat processes of almonds (1) . This organism has also been evaluated and suggested as a good model for the study of thermal inactivation of bacteria in different liquid products (3, 21) . Some studies have also suggested the use of more heat-resistant organisms as surrogates for Salmonella spp., such as Bacillus stearothermophilus, to predict extruder settings for pathogen inactivation during feed extrusion (19, 20) . However, the use of heat-resistant organisms or organisms that present a death rate much different from the pathogens of interest could be misleading, because the conditions to achieve their inactivation could be much higher than the ones needed to destroy microorganisms of public health concern and far from the operational conditions that would be used by the food and feed industry.
The main goal of this research was to validate the extrusion process as an inactivation step for pathogens potentially present in the ingredients used to produce a nutritionally balanced pet food product. In this project, E. faecium NRRL B-2354 was used as a surrogate for Salmonella. The specific objectives were to determine the moisture in the meal and temperature in the equipment necessary to inactivate 5 log CFU/g E. faecium, and to determine a response surface model, with moisture and temperature as variables, for the reduction of E. faecium by extrusion.
MATERIALS AND METHODS
Meal composition. A nutritionally balanced pet food formulation was prepared by mixing chicken meal, rice flour, potassium chloride, and potassium sorbate. The recipe used for the meal preparation is shown in Table 1 . The ingredients used in the formulation of the mix were sourced from a local mill that supplies pet food ingredients to a number of large pet food manufacturers in the U.S. Midwest.
Organism. E. faecium NRRL B-2354 was used as a surrogate for Salmonella. The organism was obtained from the culture collection maintained by the Agricultural Research Service at the U.S. Department of Agriculture. E. faecium has been identified as a good model for the study of thermal inactivation of bacteria in different products (3, 21) and as an adequate surrogate for Salmonella for validation of thermal processes in almonds (1, 12) .
Preparation of contaminated meal. The inoculum used to prepare the contaminated meal was prepared by growing E. faecium NRRL B-2354 in tryptic soy broth (TSB; Acumedia, Neogen, Lansing, MI) for 24 h at 32uC. The inoculum was then used to contaminate the meal at a level of 10 6 CFU/g. For the inoculation step, a mixer (provided by Wenger Manufacturing, Inc.) with a lid and capable of handling the needed amount of sample for the experiment was used, so the inoculum could be homogeneously mixed into the meal. The moisture content of the meal was adjusted to 24.9, 25.8, 28, 30.2, and 31.1%, according to the conditions determined by the experimental design. For each moisture level, 12 to 13 kg of meal was prepared, and the entire experiment was done with two replicates.
Extruder set up to achieve the conditions of the experimental design. The balanced carbohydrate-protein meal prepared was inoculated and extruded in a model 2003 GR-8 single-screw extruder (C.W. Brabender Instruments, South Hackensack, NJ). The equipment was coupled to a feeder with a screw size of 18 mm and pitch of 19 mm, set to run at 10 rpm. The extruder screw had a compression ratio of 3:1, a length/diameter ratio of 20/1, length of 38 cm, and a diameter of 19 mm. To achieve the conditions determined in the experimental design, a die (no die or 7 mm), changes in screw speed (80 to 125 rpm), and jacket heating (45 to 71uC in the middle section of the extruder) were used ( Table 2 ). After achieving the desired product temperature at the die, the equipment was run for about 5 min to establish a constant flow of product and to ensure stability before samples were collected for microbiological analysis.
Extrusion of contaminated material at different moisture contents and different temperatures. A central composite response surface design was used with two factors (temperature and moisture) and a center point defined as 75uC, with a moisture content of 28% (17) . The food and feed industries process extruded products at a variety of temperature and moisture conditions, and therefore it is important to understand the relationship between these variables and microbial survival. The design used here is useful because it provides a response surface model that includes these two variables and can be used by the food and feed industry as guide on the reduction of E. faecium as a surrogate for Salmonella spp. The target moisture and temperature combinations used in the experiments are presented in Table 2 . Each treatment combination was repeated on two different days, with the central point of the design (28% moisture and 75uC) replicated on four different days. a Values are expressed in kilograms.
During extrusion, product temperatures at the end of the screw and at the die were monitored by thermocouples and recorded for each extrusion trial. The product temperature at the die was measured with a thermocouple that extended directly into the flow of the extrudate. The extrusion rate was also determined by collecting the extruded material for 1 min, and weighing the material to determine the mass extruded per minute. The barrel residence time was estimated by timing how long a dye added to the product remained in the extruder barrel before it appeared in the extruded product. Torque was measured by a torque meter installed on the extrusion equipment.
Once the extruder achieved each of the target temperatures with each moisture level under evaluation, the extruded material was collected as a bulk sample. Bulk samples were collected in ziplock bags maintained inside a Styrofoam box with dry ice to allow for rapid cooling of the samples. From those bulk samples, three subsamples were taken for microbial analysis.
Microbial testing of samples. After cooling, samples were maintained at refrigerated conditions until laboratory analyses were done. Bacterial counts were determined by weighing 25 to 30 g of sample and diluting it with phosphate-buffered saline (Sigma, St. Louis, MO) to achieve a 1:10 dilution, and then blending with a Stomacher 400 (Seward Laboratory Systems, Bohemia, NY) for 2 min. Samples were plated at dilutions 10 1 , 10 2 , and 10 3 on tryptic soy agar (TSA; Acumedia) and then incubated at 35 ¡ 2uC for 48 h. This medium is nonselective and it allowed for the growth of any potentially heat-injured cells of E. faecium, as well as any other bacteria present in the samples that would normally grow under the conditions used for incubation. Enumeration of E. faecium was done on membrane Enterococcus agar (m-EA; Acumedia), with incubation at 35 ¡ 2uC for 48 h. This agar is a selective media for enterococci, and uses sodium azide to suppress the growth of gram-negative organisms. Triphenyl tetrazolium chloride, also present in the medium, is reduced to the insoluble formazan inside the bacterial cell, resulting in the production of red colonies by E. faecium. Both methods used for bacterial enumeration had a limit of detection of 10 CFU/g of product.
Moisture determination. Moisture was determined in the contaminated meals before extrusion and after extrusion. The moisture content was determined as loss in weight of the samples after heating in an oven (model 1350F, VWR-Sheldon Manufacturing, Inc., Cornelius, OR) with forced-air circulation. Two to three grams of sample was weighed in aluminum pans and placed in the oven, which had been preheated to 110uC. Samples were maintained in the oven for 24 h and then removed and placed in airtight desiccators. After samples had been cooled to ambient temperature, they were weighed again and the difference in weights was attributed to the loss of moisture in the oven. All determinations were done in duplicate.
Statistical analysis. A second-order response surface model was fit to asses at the 10% level the significance of regressions (linear and quadratic) and factors (temperature and moisture) (17) . The independent variables used in the statistical analysis were the measured values of product temperature at the die and product moisture before extrusion. The dependent variable was the survival of E. faecium (data from m-EA), and the logarithmic value of this variable was used for the statistical analysis. Statistical analysis of the response surface was carried out with SAS 9.2 (SAS Institute Inc., Cary, NC).
RESULTS AND DISCUSSION
Meal composition. The formulation used contained significant levels of chicken meal (Table 1) , which can be a source for microbial contamination and is a very common ingredient in many pet foods. In fact, this ingredient is probably the most widely used protein source in the pet food industry. The other main ingredient in the formulation was rice flour, also commonly used in many pet food recipes. The other ingredients added were a preservative (potassium sorbate) and a mineral-salt source (potassium chloride) to provide adequate nutritional balance. A proximate analysis of the meal used in the trials indicated that 37.3% was starch, 38.2% was crude protein, 8.5% was moisture, 7.2% was crude fat, 8.4% was ash, and 0.4% was crude fiber. The prepared meal had a pH of 5.93.
Preparation of contaminated meal. The inoculum used to contaminate the different meals used for extrusion was obtained by cultivation of E. faecium in TSB at 32uC for 24 h. According to Martínez et al. (16) , the growth temperature and physiological state (incubation time) of E. faecium cells will influence its thermal inactivation. They found that when the growth temperature was varied from 5 to 45uC and the incubation time varied from 1 h to 50 days, the D-value at 70uC (D 70 ) varied from 0.32 to 1.73 min. By choosing to cultivate E. faecium at 32uC for 24 h, the cultures were allowed to achieve their stationary phase and, according to the data published by Martínez et al. (16) , to be in the middle range of thermal resistance, with a D 70 -value of 0.86 min.
Bacterial counts on the inoculum used for the different batches of meals indicated a level of 10 8 CFU/ml E. faecium (data not included), and the inoculation level was aimed at 10 6 CFU/g of product. However, inoculated mixes showed between 4.72 and 5.39 log CFU/g E. faecium, which indicated recoveries varying from 79 to 90% when compared with the target inoculum level. One possible reason for this reduced recovery could be the presence of antimicrobial agent compounds in the mix. According to the National Advisory Committee on Microbiological Criteria for Foods (18) , rapid and significant reductions in microbial populations are frequently observed after inoculation if the food includes bactericidal ingredients or others used to extend the shelf life of the product. Research has also shown that 0.5-to 2.5-log reductions in Listeria monocytogenes were observed after inoculation of fresh soft cheese, bologna, and ham containing lactic acid bacteria fermentate or nisin (7, 8) . In the prepared mix, potassium sorbate was added as an antimicrobial agent. In general, this preservative has a broad spectrum of activity, showing efficacy against gram-positive organisms such as E. faecium, besides gramnegative, catalase-positive and catalase-negative, aerobic and anaerobic, and mesophilic and psychrotrophic microorganisms, as well as yeasts and molds (24) . Therefore, the addition of potassium sorbate to the recipe could have been the cause of the less than 100% recovery of E. faecium observed shortly after inoculation. Another possible reason for the reduced recoveries observed in the mixes prior to extrusion could be the potential attachment of the organism to the mix prior to extrusion. Extrusion of contaminated material at different moisture contents and different temperatures. After inoculation with E. faecium, the meals were extruded at different moisture contents and temperatures (Table 2) . During extrusion, for each of the nine combinations of moisture and temperature, data were collected on extrusion rate, residence time, torque, product temperature (at the end of the screw and at the die), and product moisture before and after extrusion. Table 3 shows the average for the two or more replicates for those variables for each condition evaluated.
The product temperature at the die was used to determine when the extruder reached the desired combinations of moisture and temperature, and the product temperature at the die was always near the targeted temperatures ( Table 2 ). When studying thermal inactivation of microorganisms, researchers usually consider time of exposure and temperature, among other variables, to evaluate the conditions that would lead to the desired kill. For these experiments, the conditions were set so the minimum temperature at the die and product moisture would be determined to provide an instant kill of E. faecium. The residence time inside the barrel was around 43 to 50 s (Table 3 ), but this variable was not considered in the statistical analysis because the temperature that the product experiences inside of the barrel within that time frame is constantly increasing, and therefore no real time-temperature data can be reported. In addition, the temperatures measured along the extruder barrel (jacket temperatures) ( Table 2) were relatively lower compared with the final product temperature measured at the die and thus are somewhat insignificant. Therefore, the temperature at the die, which is the highest temperature that the product will encounter in the process, was considered as the most important variable, along with moisture, for any log reductions observed.
After extrusion, the samples were analyzed for bacterial counts on TSA, which provide counts that include any potential survivors of the extrusion process, including injured cells of E. faecium, and counts on m-EA, which is a selective medium for E. faecium. Table 4 contains all the information for the bacterial counts (TSA and m-EA) of the samples before and after extrusion, along with the average of the measured values for product temperature and moisture for each extrusion.
Based on data presented in Table 4 , the moisture levels of the meals before extrusion were very close to the ones targeted by the design (Table 2) , and after extrusion all the samples showed lower moisture content (varying from 0.5 to 2.0% less moisture). This loss of moisture was expected after extrusion because of water evaporation caused by the difference in pressure as the product exits the extruder. According to Riaz (23) , during normal extrusion, a moisture loss of 4 to 5% can occur. The moisture losses observed here were somewhat lower (0.5 to 2.0%) than those reported by Riaz (23) . This could be attributed to the range of temperatures tested, which were lower than the temperatures used in an industrial setting, resulting in less flash-off of product moisture at the die than that observed typically in the industry. The temperatures applied in this study were lower than normal extrusion temperatures used in the industry, because previous literature has indicated that most bacterial pathogens are destroyed at this lower temperature range. Bacterial counts were higher on TSA (Table 4) than on m-EA, as expected, since the former allows for growth of any bacteria capable of surviving the extrusion process, including injured cells of E. faecium. Because TSA allows for the growth of not only injured cells of E. faecium, but also growth of other organisms, that set of data was not used in the statistical analysis, and only bacterial counts on m-EA medium were used to build the response curve. In general, log reductions for E. faecium varied from 0.60 to 5.39, depending on the moisture and temperature combination used during extrusion. The best results were achieved with the following combinations of product moisture and temperature (measured values): 24.7% moisture, 82.0uC; 27.5% moisture, 76.0uC; 27.7% moisture, 85.0uC; and 30.1% moisture, 82.0uC, where greater than 5-log reductions for E. faecium in the m-EA were observed (Table 4) . According to the Grocery Manufacturers Association (10), when validating processes, a common industry practice is to target a 2-to 5-log reduction based on a hazard analysis that includes historical association of ingredients with Salmonella, prevalence and extent of contamination, and the intended use of the final product. The selected log reduction should include a margin of safety, e.g., an additional 2-log reduction beyond the extent or levels of contamination expected to occur in the ingredients (10). According to Jones (13) , the highest levels of contamination of animal feed with Salmonella are around 10 3 CFU/g. Therefore, in these experiments a 5-log reduction offered a conservative approach.
The target level of microbial reductions of a treatment or process will depend on regulations for specific food types. For example, in juices, a 5-log reduction of the appropriate pathogen is required (27) ; in almonds, the treatment should offer a 4-log reduction of Salmonella (25); while in poultry products, a 7-log reduction is expected for Salmonella (26) . For extruded foods and feeds, there are no regulations dictating the amount of reduction expected in these products; however, these products are required to be free of pathogens.
Very few studies have evaluated extrusion parameters for the reduction of microbial load or inactivation of foodborne pathogens in foods and feed. Li et al. (15) studied the thermal inactivation of Clostridium sporogenes in a mixture of mechanically deboned turkey and white corn flour by twin-screw extrusion. The results obtained by the researchers indicated a 4-to 5-log reduction on C. sporogenes at 115.6uC and 2-log reductions at 93.3uC. Quéguiner et al. (22) used twin-screw extrusion to inactivate Streptococcus thermophilus in whey protein isolate. They observed a 4.2-log reduction on S. thermophilus in a 500-mm barrel at 143uC and a 4.9-log reduction in a 1,000-mm barrel at 133uC. Other studies have suggested that extrusion by a single-screw extruder substantially reduced the UND, undetectable; a count that averaged less than 10 CFU/g had its log was reported as such.
bacterial load and the concentration of potentially pathogenic bacteria in animal feed; however, the conditions used did not consistently sterilize animal feed (14) .
Even fewer studies have been conducted to evaluate the effect of extrusion on Salmonella spp. or on suitable surrogates. One study has shown that expansion extrusion completely eliminated Salmonella when temperatures of 93.3 to 176.8uC were applied to feed samples with 25 to 35% moisture (6) . When evaluating the use of extrusion on the inactivation of potential surrogates for pathogenic Salmonella, Okelo et al. (20) reported that in some preliminary experiments, Salmonella Typhimurium was inactivated (8-log reduction) under moderate conditions (extrusion at 28.5% moisture, 83uC, and 7 s of retention time), and they suggested that a more thermotolerant organism would be needed to evaluate the effect of extrusion on reduction of bacterial counts. In search of more heat-tolerant organisms, the authors suggested the use of the thermophile Bacillus stearothermophilus as a surrogate. This organism is commonly used in studies to evaluate the efficacy of industrial thermal processes, such as commercial sterilization of canned foods. However, the use of such heat-stable organisms to evaluate extrusion efficacy is questionable, since as reported by Okelo et al. (20) only a 1-log reduction was obtained for B. stearothermophilus, even when the extrusion temperature was 110uC and the retention time 11 s. Therefore, the findings with such a heattolerant organism might not reflect the required conditions necessary to inactivate organisms of public health concern, which are usually mesophilic organisms.
Statistical analysis. Statistical analysis of the secondorder response surface model was conducted with log reductions of E. faecium in m-EA as the dependent variable, and the measured values of temperature at the die and moisture as the independent variables. Table 5 shows some of the results for this analysis, while Figure 1 shows the fitted response surface obtained based on the data collected. The model fit well, given that R 2 was above 0.9, and that there was no significant lack of fit (P~0.24). Based on the results, the response surface model was y~185.04 2 3.11X 1 2 4.23X 2 z 0.02X 1 2 2 0.004X 1 X 2 z 0.08X 2 2 . The model showed significant linear and quadratic effects of temperature and significant quadratic moisture effects, but there was no significant interaction between the two factors (Table 5 ). Both moisture and temperature reduced E. faecium, as shown by the negative model coefficients for these variables; however, temperature was much more important, as demonstrated in Figure 1 . While studying the thermal destruction of Salmonella Enteritidis in feeds, Himathongkham et al. (11) also observed a linear relationship between Salmonella reduction and temperature. Although these researchers were not working specifically with E. faecium and extrusion, their findings suggest that temperature could be the most important factor on the inactivation of bacterial contaminants in food and feeds. The response surface for the model (Fig. 1) showed that the factor levels that minimized survival of E. faecium were temperature of 81.1uC and moisture of 28.1% (critical values) ( Table 5 ). The American Feed Industry Association (2) has also recommended similar conditions for the inactivation of Salmonella in feeds. They indicate that 1 s of moist heat (at 22% moisture and 10 6 CFU/g as the initial population count) at 77uC provided by extrusion would be enough to inactivate this organism completely. Others have indicated that expansion extrusion of feed with 25 to 35% moisture at 93.3 to 176.8uC for 45 to 60 s would eliminate Salmonella completely from the final product, while pellet extrusion of feed at 11 to 19% moisture at 71.1 to 82.2uC for 2 to 16 s would not provide any safety measure against Salmonella (6) . The lack of inactivation in the pelleting extrusion reported by the authors could be attributed to the lower end of temperatures tested, associated with the much lower moisture levels applied.
Based on the results, the greatest reduction of E. faecium for the inoculation levels studied here (about 5 log) in a carbohydrate-protein meal would occur at the temperature of 81.1uC and moisture of 28.1%, as indicated by the model, with both moisture and temperature having an effect on the inactivation of E. faecium. To further explore the effects of processing on the inactivation of Salmonella in extruded products, it would be very beneficial to the food and feed industry if a direct comparison between inactivation of E. faecium and pathogenic Salmonella spp. could be conducted for the process of extrusion. In addition, the evaluation of inactivation of Salmonella and/or suitable surrogates such as E. faecium by extrusion in other matrices, e.g., meals with protein of vegetable origin rather than animal or similar formulations to food products that have been implicated in human salmonellosis, would be of value.
